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Preface
“I don’t think you should
continue to study Physics.”
A Professor
Oldenburg, Germany
2019

I was told once something that I greatly take to heart, something of much more
substance than what is written above - clearly it didn’t stop me. The saying is
originally Yiddish, “Man plans, and God laughs”, and often there are situations in
my life that are a strong reminder of it. I originally had come to Knoxville with
a plan of a five year education track, marrying my then fiance, and finding some
stability. Moreover, before coming to the US, I had plans of remaining at CERN,
pursuing a technical staff position, never to return to the USA. Yet even before that,
I had thoughts of working in medicine with lasers in Germany. I even have the
luxury of thinking back on the very beginning of my academic career, ”What if I had
done medicine instead? Or perhaps Psychology?”. And ultimately this comes from
a perspective of thinking that one is in control of their life.
Without getting too philosophical, I would argue this is certainly not the case,
or at the very least, more true for some than others. But instead of falling for
a gloomy pitfall I would rather view things from a more grateful perspective. All
of the experiences and opportunities I have had were blessings. Nobody owed me
anything, and nevertheless they found a value in me that motivated them to give
me opportunities that most people never have. I’ve experienced what many people
have as end goal as my introduction. And I’m endlessly grateful to all those who have
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helped me get to where I am and where I will be. I will take a step further, continuing
to bridge over pessimism, and say that so long as I am blessed enough to continue to
meet incredible people, I will be right where I want to be - in good company.
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Abstract
Beta decay and collinear laser spectroscopy are proven efficient tools to study nuclear
structure far from stability. Two areas of significance are investigations into nuclear
deformation and shape coexistence, as well as delayed neutron emissions used in
nuclear energy applications. This contribution presents the ongoing development
towards a novel beta-decay spectroscopy station for the VITO experiment at CERN’s
radioactive ion beam facility ISOLDE. The setup will utilize both collinear laser
spectroscopy and beta-decay spectroscopy to measure the energy and spin-parities
of the ground and excited states of radioactive beams. Initial designs of the support
structure, magnetic field, and detector array have been produced with the use of CAD,
COMSOL, and GEANT4 simulation. This thesis will serve as a status summary of
the progress that has been made since 2019.
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Section 1

Introduction

ENiGMA is an experimental setup named with a recursive acronym standing for
ENiGMA Neutron Gamma Magnetic Array. As its name implies, it is an experimental
setup designed to measure measure the Neutron and Gamma emission following β
decay under a Magnetic field using an Array of detectors. ENiGMA was designed to
be implemented at isotope producing facilities that have accommodations for laser
equipment to perform optically pumped Beta-NMR measurements.
Beta-NMR is one of the most powerful techniques for probing nuclear structure.
This technique takes advantage of the higher sensitivity of beta detectors over conventionally
used RF pickup coils, as in the case of standard pulsed-NMR experiments. However,
in most cases only betas are detected, forgoing gamma and neutron detection. A
setup capable of measuring the energy and spin-parities of the ground and excited
states using coincident neutron and/or gamma detection using radioactive beams is
presented in this dissertation.
The selective process of beta-decay populates states with ”allowed” configurations.
This has served a significant role in the determination of nuclear properties, such as
shape coexistence, decay of loosely bound halo neutrons, or the observation of deepcore-enhanced neutron emission. The setup will utilize the advantages of optically
pumped radioactive ion beams to achieve higher efficiency than traditional methods.
Under a magnetic field, differing decay asymmetry are a consequence of individual
spin-states, as described in the angular distribution,
v
w(θ) = 1 + aβ PI cos(θ)
c

(1)

Where aβ is the beta-decay asymmetry parameter, PI is the degree of spin-polarization,
1

and θ is the angle between the direction of the particle emission and the magnetic field.
This effect can be observed with the setup ISAC in TRIUMF, as well the setup VITO
in ISOLDE, which will be covered later. However, with optically pumped radioactive
beams, the populations of these spin-states can be driven to higher or lower states,
achieving higher asymmetry, and therefore higher measurement efficiency. Combining
the techniques of beta-NMR and optically pumped radioactive beams, a setup of this
sensitivity and efficiency can be used for experiments investigating neutron-rich nuclei,
where yields are as low as a few ions/s. With high efficiency measurement of betadecay, particle-particle angular correlations can be used to determine the angular
momentum of emissions, and therefore spin-parities.
Designs of the support structure, magnetic field, and detector array will be presented.
The end goal of the design is to measure betas, gammas, and neutrons efficiently to
determine decay asymmetry with high precision, which is indicative of the spin-parity.
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Section 2
2.1

Background

Introduction

This chapter will go over the fundamentals of radioactive decay, weak interaction,
angular momenta of particles, and decay asymmetry. With that foundation, it can be
understood where our proposed setup resides in the context of modern experimental
techniques in decay spectroscopy.

2.2

Beta and Gamma Decay

Nuclear decay is realized when the emission of radiation allows for achieving a lower
energy state. These stochastic emissions can be in the form of α, and in the case of this
paper, β and γ decay. The properties of α and β decays are dictated by the strong,
so-called because the observed α energies are 106 stronger than electromagnetic or
chemical forces, and weak interaction, so called for being the weakest subatomic
forces. Moving forward we concentrate in the properties of β decay.
Beta decay was first identified in 1899 by Ernest Rutherford [5]. The most common
forms of beta-decay involve the emission of electrons (β − ) and positrons (β + ). Nearly
40 years after it was first discovered, Luis Alvarez had observed the last form of β
decay, which was the electron capture of an inner atomic electron. Finally, in 1957,
Dr. Wu observed a strong asymmetry in the electron emission from a

60

Co source

located inside a magnetic field [16]. This experimental pieces combined form our
modern model of the beta decay mediated by the weak interaction. The standard
model of weak decays involves the interaction between left-handed fermionic fields
mediated by the w+/− (Z 0 ) (see figure 1)
In β decay, an electron (or positron) is ejected from an atom. The electron arises
3

from the leptonic field during the process from the interaction mediated by the weak
W − boson (see Fig. 1). As mentioned above, the three basic beta-decay processes
are as follows [12, p.273]:
n → p + e− + ν e

(2)

p → n + e+ + νe

(3)

p + e− → n

(4)

Where,
• n: is the neutron
• p: is the proton
• e+/− : is the positron and electron
• νe : is the neutrino
• νe : is the antineutrino
Equation 2 describes β − decay, where a neutron decays into a proton and emits an
electron and an antineutrino. The result of this is that the daughter of the decay will
have its atomic number increased by one. This process can generally be expressed by
[12, p.275],
A
ZX

→

A
Z+1X

+ e− + ν e

(5)

Equation 3 describes β + decay, where, instead, a proton decays into a neutron
and emits a positron and a neutrino. As one would expect, the daughter of the decay
will have its atomic number decreased by one and can be shown by,

A
ZX

→

A
Z−1X

4

+ e + + νe

(6)

Lastly, equation 4 describes the previously mentioned electron capture (K-capture)
decay [12, p.276] where an electron interacts with a proton decaying in a neutron and
an electron neutrino. This decay can occur any time where in-medium proton decay
is energetically allowed, and it is the only decay mode possible if the decay energy
< 511 keV

A
ZX

+ e− →

A
Z−1X

+ νe

(7)

In the standard model, β − is the transformation of a negatively charged down
quark to a positively charged up quark mediated by the W − boson field. The ”virtual”
W − boson then instantaneously decays into the observed electron and antineutrino,
conserving electric and weak charges. For β + decay, we have the opposite charge
transformation from positive to negative via the W + boson field decaying into a
positron and neutrino. The Feynman diagram for both of these decays is depicted in
figure 1.
For any β decay, the energy difference between the initial and final states is called
its Q-Value. This can be calculated simply from conservation of energy, while taking
into consideration the mass-energy equivalence principle in special relativity. Thus,
the energy available must corresponds to the difference in masses between the mother
and daughter atomic masses (corrected for electron mass in positron emission).

Q = (mi − mf ) × 1u

(8)

It is important to note that all decay products’ kinetic energy is shared between the
electron, neutrino, and daughter; therefore, the momentum phase space corresponds
to a continuum in a three-body process. Furthermore, there is a Coulomb interaction
between the positively charged nucleus and the positively or negatively charged
5

emitted lepton. An example of the energy spectrum of β decay is shown in figure 2.
64

Cu is an ideal example of β decay as it is capable of emitting both an electron and

a positron [12, p.280]. Because of this behaviour, we can see the direct impact on the
decay energy as a consequence of the Coulomb interaction between the nucleus and β ±
particle, where the Q-value for each is 0.5787 ± 0.0009MeV and 0.6531 ± 0.0002MeV
for beta and positron emission respectively [1]. Both decay channels are possible due
to 64 Cu’s relation to its isobaric neighbors. We can see in figure 4, the mass excess of
64

Cu is higher than its two neighbors,

64

Ni and

64

Zn. The difference between these

two neighbors gives a difference of branching ratio of positron and electron emission
of 17.9% and 39% respectively [14].
The probability distribution between the initial mother state and final states in
the daughter is described by Fermi’s Golden Rule [12, p.277]:

P (t) =

2π
| Vf i |2 ρf
h̄

(9)

where matrix element
Z
Vf i =

ψf∗ V ψi dv

(10)

and ρf gives the density of states. But for a complete picture of the matrix element
Vf i , we must include the electron and neutrino [12, p.277]. Furthermore, for allowed
transitions consistent with special relativity, V is to be replaced with one of five
operators OX . Where subscript X can be: V (vector), A (axial vector), P (pseudoscalar),
or T (tensor). Giving us the final form of equation 10 as,
Z
Vf i = g

[ψf∗ φ∗e φ∗ν ]OX ψi dv

(11)

In 1957, Lee and Yang built from Fermi’s Golden Rule a theory to include interactions

6

that violate parity, following the observation in kaon decays that suggested parity nonconservation [13]. This theory was later confirmed by the famous Wu experiment
[22]. The Lee and Yang theory describes the coupling of a vector and an axial-vector
current,

Mif = GF (ψi0 γµ γ5 ψi )(ψf0 γfµ )

(12)

where Gf /h̄c = 1.16637(1) × 10−5 is the Fermi coupling constant,

i,f

are initial

and final wave functions, γ µ , are the Dirac matrices and γ5 are the chirality matrices.
In the case of allowed β-decay transitions, the calculations can be simplified by
~

r
approximating the electron and neutrino to be plane waves, exp(i p~
). This, of course,
h̄

implies the electron-neutrino are emitted with L=0, imposing restrictions in the ∆J,
which will be discussed later. The largest benefit of this simplification is that the
hadronic-leptonic interaction can be clearly factored out of the integral, leaving the
hadronic section separately [12, p. 279],

dλi→f =

2π H 2 −
|Mif | | he , νe | JµL |0i |2 ρ(Ef )2
h̄

(13)

where MifH is the hadronic matrix element and he− , νe | JµL |0i is the non-relativistic
matrix element. For forbidden transitions of a specific order, they can be calculated
using the same expression by expanding the exponential terms of the electron wave
function to the needed order of angular momentum L. The transition probability for
allowed approximations is given by integrating over the electron and neutrino states
density,

7

λi→f =

G2F

m5e c2
| hf | Ôβ |ii |2
2π 3 h̄7

Z

Ei −Ef

me

dEe p2e (Ei − Ef − Ee2 )F(Zf , Ee )

c2

(14)

where Ei,f are the energies of the initial and final state, F(Zf , Ee ) is the interaction
between the nuclear charge and emitted charge, and hf | Ôβ |ii is the hadronic matrix
element, MifH , between initial and final states in the non-relativistic approximation.
Values by their ”degrees of forbideness” can be seen in table 1.
In many cases, α and β decays leave the daughter particle in an excited state.
Typically the resulting daughter state will de-excite via γ-decay, an electromagnetic
transition between nuclear states. Following energy and momentum conservation, we
can calculate the photon energy, Eγ , from the difference in energy, ∆E, between the
initial and final state of the nucleus [12, p.328].

Eγ = M c

2




1/2 
∆E
−1± 1+2
M c2

(15)

keeping only the first three terms of the expansion over the square root,
(∆E)2
Eγ ∼
∆E
−
=
2M c2

(16)

It is important to note that the total energy made available to the decay products,
∆E, is shared between the recoil of the nucleus and the γ ray. When calculating
the momentum of the γ ray, by conservation it will be equal to that of the recoil
momentum of the particle. The correction in calculating the energy of the γ will be
minute. For low-energy γ rays, the recoil energy is negligible, and undetectable by
most methods (≈ 1eV ) [12, p.328].
The angular momentum of the emitted photons is determined by the angular
8

momentum change between the two states. As the excited nucleus decays, a portion
of its angular momentum goes with it. Let there be a γ transition with initial and
final angular momentum and parity, Ii,f and πi,f , respectively. In order to manage
the complexity of solving Schrödinger equations in three-dimensions we expand the
solution in terms of increasing L-value. The multipole operator, L, then contains the
spherical harmonics YLM (θ, φ) [12, p.333]. Conservation of angular momentum would
require that the total angular momentum remains constant through the transition.
This restricts the possible values, following quantum angular momentum coupling
rules, in the range between |Ii − If | and Ii + If . Then, from the multipole expansion
we get that the possible values of L are integers in the range of [1, 2, 3, ...] (monopole,
dipole, quadrupole, octupole, etc) [12, p.334].
The photon parity is determined by −1L for pure electric transitions, and −12L−1
for magnetic transitions. This results in a set of selection rules determined by the spin
J and parity π change between initial and final states. Therefore, ∆π = 0 transitions
would have even electric multipoles and odd multipoles, and the opposite would be
true for ∆π = 1 transitions. We therefore have the selection rules [12, p.334]:

|Ii − If | ≤L ≤ Ii + If
L 6= 0
(17)
∆π = no: even electric, odd magnetic
∆π = yes: odd electric, even magnetic
Due to the higher L-values corresponding to larger values in the multipole expansion,
the lower L=[1,2,3] transitions represent the majority of the decay strength.
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2.3

Angular Momenta of Particles under Magnetic Field

The hyperfine structure of atomic electromagnetic transitions results from the interaction
between the angular momentum of the nuclear charge distribution and its electrons.
Let us first define the atomic fine structure. The Orbital Angular Momentum of
an electron as it “orbits” the nucleus takes values L=(0,1,2..), where each one is
defined to a major shell (s,p,d..) in atomic spectroscopy [9]. Then, the total angular
momentum of the electron, J, is defined as the sum of its orbital angular momentum
L and the spin of the electron, S. The states of which is described with,

J = |L − S|, L + S

(18)

Furthermore, the magnetic field produced by the orbiting electron, Be , and the
dipole moment produced by its spin, µe split the atomic energy levels into its fine
structure, J. Where,

mJ = −J, ..., +J

(19)

is the projection of the corresponding quantum number along its azimuth. Conventionally,
the energy levels of this spin-orbit splitting can be reliably expressed in terms of
relativistic effects. [4]

∆Erel = −

1
3
Z 2 α4 2
mc (
− )
3
n
2l + 1 8n

(20)

where fine structure constant α is defined as [3],

α=

µo e2 c
4π h̄
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(21)

The nucleus itself can also have spin, I, with a resulting magnetic moment µI
(please note that I is only used here to denote the nuclear total angular momentum).
Therefore, the angular momentum of the complete system would be F = J + I, with
all possible solutions being,

F = |J − I|, ..., J + I

(22)

Finally, in the presence of an external magnetic field, further splittings will occur
defined by mF , any discrete value between ±F . These F states are referred to as
the hyperfine structure. The difference in energy of the split levels is a result of
the influence of the nuclear dipole moment µI . The difference in energies in these
substates are given as,

∆EHF S =

AK
2

(23)

Where,

K = F (F + 1) − J(J + 1) − I(I + 1)

(24)

And the hyperfine structure constant,

A=

µI Be
IJ

In cases where I or J are greater than

1
,
2

(25)
there is an additional quadrupole,

octopole, and even higher-order moments that contribute to ∆EHF S . Interestingly,
due to the hyperfine constant depending on the nuclear spin and charge distribution,
A is not easily extrapolated from isotopic shifts and must be measured case by case.
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2.3.1

Zeeman Effect

The energy shift between the magnetic substates is proportional to the strength of the
applied magnetic field times the nuclear magnetic momentum. For weaker fields, the
Zeeman effect, the influence of the field is smaller than the hyperfine splitting itself.
The mathematical description of the Zeeman effect can be shown with the correction
energy,

EZ = µB mJ B0 gJ

(26)

where µB the dimensionless quantity that characterizes the magnetic moment and
angular momentum of the electron, the Lande g-factor [6] defined in equation 27,

gJ = gL

J(J + 1) + S(S + 1) + S(S + 1)
J(J + 1) − S(S + 1) + L(L + 1)
+ gS
(27)
2J(J + 1)
2J(J + 1)

This g-factor is used for first-order perturbations of the energy of the atom. In
the cases where there are quadrupole or higher moments, higher-order perturbations
are included in EZ . However, as for electromagnetic transitions, these can be omitted
as their amplitudes are orders of magnitude smaller than the leading order.

2.3.2

Paschen-Back Effect

When the applied magnetic field is orders of magnitude stronger than the hyperfine
splitting the Paschen-Back effect is observed. This results in the atomic J and nuclear
I angular momenta decoupling (see Fig 5).
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2.4

Decay Asymmetry (spherical)

As we saw before, nuclear decay may emit radiation with angular momentum. In those
cases there will be a strong degree of spherical asymmetry in the wavefunction of the
emitted particle described by the spherical harmonic of order L=angular momentum.
For example, in α decay, asymmetric decay indicates nuclear deformation. In γ decay,
asymmetry indicative of a population residing in an angular momentum state, mI .
As mentioned above, beta-decay electrons are emitted asymmetrically with respect
the nuclear spin, due to parity violation. Their angular distribution is typically
measured with respect to the magnetic field that orients the nuclear spins. Their
probability distribution is given by [11],
ν
W (E) ∝ 1 + hP iA(E) cos(θ)
c

(28)

where A(E) specifies the decay asymmetry factor for electron energy E, ν ≡ βc is
electron velocity, hP i is the mean neutron polarization, and θ is the angle between
neutron spin and electron momentum. Beta-decay of

60

Co was used to show the

nonconservation of parity in the famous Wu Experiment. In the decay from
60

60

Co to

Ni, the counts of γs and βs where compared for different angles with respect of the

magnetic field axis. In order to remove experimental uncertainties (detector efficiency,
etc) the magnetic field was reversed periodically. It was found that the beta rate was
consistently higher in the direction opposite to the magnetic field, which implies that
β decay maximally violates parity conservation. [16].
Gamma decay asymmetry is based upon similar principles as beta decay asymmetry,
unequal population of states after electromagnetic transitions. The distribution,
W (θ), is given by [12, p. 337],
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W (θ) =

X

p(mi )Wmi →mf (θ)

(29)

mi

where p(mi ) is the population of the initial state, a fraction of the total population
that resides in that substate, and Wmi →mf is the asymmetry of a single decay following
equation 28. A depiction of γ asymmetry can be seen in figure 14.

2.4.1

Applications of Decay-Asymmetry

Many experiments take advantage of asymmetric decays. In 2005, the University
of Osaka utilized the ISAC setup at TRIUMF [8], to investigate the excited states
of the light neutron-rich nucleus
decays from spin-polarized

11

11

Be by observing the β-delayed neutron- and γ-

Li. Different decay asymmetries are seen for different

spin-parities. The results for their experiment can be seen in figure 8. Their figure
shows a strong correlation between the neutron energy and the asymmetry factor,
they obtain the states’ spin-parities from the asymmetry values.
At ISOLDE, nuclear polarization is exploited at the Versatile Ion polarisation
Technique Online, VITO. The setup utilizes optically pumped ion beams to conduct
β-NMR experiments. With this method, the setup can achieve sensitivity of up to
≈ 5× higher than conventional NMR for biological samples. The gains are realized
thanks to the much higher sensitivity afforded by particle detectors compared to
traditional RF pickups used in standard NMR [11].
A most recent example of VITO’s advantage was in the successful measurement
of the ratio of magnetic moments of

26

Na and

23

Na with two orders and magnitude

higher sensitivity than previously possible [7]. The results are given in figure 10 in
comparison to literature values.
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Section 3

Radiation Detection: Scintillation and
Solid State Detectors

3.1

Introduction

Detection of nuclear radiation is achieved through a variety of different types of
instruments, each with their intended function based on their strengths, weaknesses,
and cost. The earliest method of radiation detection was using a spinthariscope,
developed by William Crookes [19]. The spinthariscope was a zinc sulfide screen at
the end of a tube, with a lens in opposition. A small doping of a radioactive material
on the zinc would produce small flashes of light; the zinc would interact with the
emitted α particle. Individual flashes had to be counted by eye. This constitutes the
first known scintillator detector. The scope of this section will focus on the detectors
used in the experiments covered in this thesis, High Purity Germanium detectors,
and scintillating plastic detectors with Silicon Photomultipliers.

3.2

Scintillation Detectors

Scintillators are one of the most fundamental methods for the detection and spectroscopy
of decay. The fundamentals of scintillating detectors are as follows [10, p.219]: the
material should convert the kinetic energy of charged particles into detectable light
with high efficiency, the light produced should be proportional to the deposited
energy, and the material should be transparent to its own luminescence.

More

practical requirements would be having an index of refraction close to that of glass
(≈ 1.5), as it would make coupling to photomultiplier tubes more effective. The most
common types of scintillating material are inorganic alkali halide crystals, sodium
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iodide for example, organic liquids, and organic plastics. The first class, inorganic
scintillators, are traditionally less common due to their low response time making
them unsuitable for many applications despite having great light yield and linearity
[10, p.219]. However, modern inorganic scintillators’ (eg LaBrCe) timing response is
now comparable to organics, however they remain substantially more expensive than
plastics.
Organic plastic scintillators fluoresce using transitions in molecular energy states.
This gives the advantage that it can produce this behaviour independently of the
detector state of matter (solid, liquid, gas) as long as the molecular structure is
maintained [10, p.220]. Scintillating molecules have symmetric properties arising
from a π-electron structure. In short, energy can be absorbed exciting the electron
configuration into any of its excited states. The energy difference between these
excited tends to be very small (≈ 0.15eV). The lifetime of these higher excitations
(S2 , S3 ) are normally in the range of picoseconds.
Plastic scintillators are prized for their linearity of the relationship between light
input and particle energy. It is only for particles energies below 125keV that losses
of kinetic energy in lattice vibrations, generated heat, or other non-electromagnetic
excitations should be taken into consideration[10, p.225]. Response of organic scintillators
to charged particles are described using the relation [10, p.227],
dE
dL
=S
dx
dx

(30)

where the fluorescent energy, L, emitted per unit path length is equal to the scintillating
efficiency times the specific energy loss of the charged particle. For fast electrons, this
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Birk’s formula can be simplified to,
Z
L≡
0

3.3

E

dL
dE = SE
dE

(31)

Solid State Detectors

Gamma rays prove harder to measure using plastic scintillators, simply because
organic materials’ low Z-value makes for very low gamma energy loss in the material
per unit length traveled. For gamma-rays, semiconductors, or more specifically HPGe
detectors, prove more effective. These detectors have a much higher density and Zvalue, allowing for a much larger interaction with γs. But the greatest strength
of these detectors is the exceptionally narrow band-gap between its valence and
conduction band (≈ 1eV), shown in figure 12.
HPGe detectors are layered as p-i-n structure semiconductors (p-contact, intrinsic
layer, n-contact). The i region is sensitive to ionizing radiation and produces charge
carriers that move under an electric field to the p and n electrodes. The greatest
drawback of these detectors is due to their nature as semiconductors. Due to the
narrow band-gap (0.7eV), the valence band occupation will be large at room temperature
(see Fig. 13, increasing the overall thermal noise[10, p.413]. For this reason, HPGe
detectors must be cooled with liquid nitrogen, to 77 Kelvin [10, p.413].

3.4

Monte-Carlo Simulations and Geant4

Geant4 (GEometry ANd Tracking) is a simulation software written in C++. It uses
the Monte Carlo method to simulate the movement of particles through matter.
Monte Carlo simulations were originally designed to calculate the path of a particle by
modeling its probabilistic interaction with matter as it propagates in well-defined time
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intervals. Their flexibility and ease of implementation as numerical computations has
made them popular in a multitude of fields in physics, geology, and even finance. In
a generalized way they all follows a simple series of steps,
1. Define a domain of possible values
2. Generate values randomly from a probabilistic distribution over the domain
3. Perform deterministic computation on the values
4. Collect results
Geant4 handles geometry, tracking, detector response, run management, and user
interface, and follows the same steps, but instead determines the path a particle can
take through an environment with objects or detectors. Figure 14 shows a typical
simulation of γ-ray paths (shown in green) interacting with a HPGe detector volume
indicated by the white boundaries. The simulation was made in preparation of the
E19044 experiment at NSCL in MSU.
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Section 4
4.1

ENiGMA

Introduction - A Proposed Beta-Gamma Correlation Setup

The experiment ENiGMA, ENIGMA Neutron (i) Gamma Magnetic Array, will be
presented in this chapter. We will outline the design constraints and decisions made
to efficiently polarize, orient, and measure the beta-decay asymmetry of a radioactive
sample of sodium isotopes.
The setup will make use of the optical polarization capabilities of the VITO
beamline to orient radioactive samples. The asymmetric beta and gamma decay and
neutron emission of these samples will be measured using plastic scintillators and
HPGe detectors. The measured energy and asymmetry of the decay products will
be indicative of the spin parities of states populated by beta decay in the daughter.
The setup requires the following: the ability to overlap circularly polarized with a
radioactive beam, produce a magnetic field strong enough to decouple orbital and
nuclear angular momenta, and be compact enough to allow for the detectors required
to measure the beta, gamma, and neutron asymmetry.

4.2

Coupling and Magnetic Field Development

First, calculations of the required magnetic field were undertaken. The modeling
software used by the COLLAPS-VITO collaboration (decoupling.py, W. Gins) calculates
the magnetic fields needed to decouple the electron’s angular momenta from the
nuclear spin. In order to identify a suitable candidate for the first tests we investigated
species that are readily produced at ISOLDE and can easily be polarized and oriented.
Sodium isotopes, with yields in excess of 1×106 and strong nuclear magnetic momenta
are perfect candidates. We calculated the decoupling probability of isotopes of sodium
19
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Na. Figure 11 shows the fidelity of the nuclei decoupling and strength of transitions

at as a function of the magnetic field. Fidelity is defined as the square-root of the ratio
of decoupled nuclei to the total size of the sample. Decoupling is achieved when the
nuclear spin maintains orientation in the magnetic field independently of the atomic
spin orientation. We chose a fidelity of 0.99, corresponding to a decoupling of 98% as
a design goal.
From the calculations seen in figure 11, it can be seen that even a magnetic field
in the range of 300G is capable of significant decoupling. This range was taken as a
minimum capability for our design of our solenoid, with a goal field of between 800G
and 1000G capable of orienting the majority of known nuclei.

4.3

Permanent Magnets

We first investigated a pair of very strong, narrow and wide aperture Nd magnets.
The magnetic field at the point of implantation can be varied by moving the magnets
either towards or away from one another. Two 0.5T Nd magnets were mounted in
parallel with a distance of 3.1 cm and their magnetic field was measured using a Hall
probe mounted to a 3-axis screw stage system. We chose a separation of 3.1 cm to
reproduce a realistic configuration allowing space for the sample substrate holder.
The Nd magnets were of a thickness of 1 cm and an inner bore diameter of 25 mm
and 50 mm. A picture of the setup can be seen in figure 15.
We moved the hall probe through the apertures of the magnets measuring at various
points. The measurements are shown in figure 17. We did not observe at any point
in the inner region of the magnetic field reaching the target minimum of 800G field.
Furthermore, the region where the field would be at its highest was fairly small,
changing by 50 mT in only 5 mm for the large aperture magnets. We could achieve a
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stronger field by moving the magnets together. However the small space left for the
sample holder makes this arrangement impractical. Finally, the magnets themselves
reduce the β efficiency by shadowing the plastic detectors. Again moving the plastics
inside the magnet space would be impractical due to space constraints. A depiction
of this shadowing on the detectors is show in figure 16
It is clear that the permanent magnets could not achieve the target magnetic field
without significant compromises. We chose to investigate whether an electromagnetic
would be a better tool for our purposes. Initially, we investigated the simplest
electromagnetic arrangement, a pair of Helmholtz coils.

4.4

Helmholtz Coil Calculations

First, we calculated the properties of two Helmholtz coils using a simplified model.
We utilized a Matlab script capable of calculating, for a given magnetic field, the
following: the distance between coils, the radii of the coils, the length of wire needed,
and the number of windings of 1 mm gauge copper wiring used per solenoid. The
resulting calculations are given in figure 18.
In order for a Germanium clover detector to fit in the space between the coils, a
coil distance of at least 10 cm is needed. This results in coils with ≈5500 windings
(≈ 1.5 km of wire) needed (see next chapter). With this number of windings, a power
supply capable of providing ≈17V and 2A would be needed. The homogeneity of a
magnetic field produced by a Helmholtz coil would need to be investigated.

4.5

Simulation of Helmholtz Coil

The results of the simplified magnet model were verified using the electromagnetic/thermal
package COMSOL. COMSOL calculates the two/three-dimensional distribution of
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the current/magnetic field coupling using a finite-element solver for differential equations.
The goal of the simulations was to determine the accuracy of the results of the
simplified script and to investigate whether the current coil geometry will provide
a sufficiently homogeneous field within the sample volume, shown in figure 19. An
”improper” orientation of the Helmholtz coil was explored to determine the change
in field homogeneity would bend the field lines. The field lines determine the axis
of nuclear spin orientation and procession. The ”improper” orientation, is achieved
by increasing the distance between the coils farther than their radius. We observe
field deformation once the separation between coils is equal to the coil diameter, and
can be seen in figure 20. Using the parameters taken from the MATLAB script we
simulated, a Helmholtz coil capable of producing a field in the range of ≈ 800G was
achieved.
In figure 21, we show heat-map of the magnetic field strength. On the left
side we see a change of ≈ 50G from bore-end to bore-end of the Helmholtz coils.
Extrapolating from figure 11, a change of 50G in the higher field region would
reduce our decoupling by less than 1%. When operating at highest field strength,
this is a significant improvement from the initial permanent magnets, that showed
a similar homogeneity only in a substantially smaller volume. We obtain a similar
homogeneity along the beam axis (see figure 21). A deviation of 15G will negligibly
affect decoupling. We conclude the current magnet and geometric design will achieve
the required design goals for sodium isotopes and beyond.
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Section 5
5.1

Polarized Beta-Decay Experimental Setup

Introduction - ENIGMA Setup

The ENiGMA setup will typically consist of two Ge clovers (in blue) and two NEXT
detector systems (in green and grey) collinearly and perpendicularly to the beam
axis (see figure 22). Within the chamber, we have two scintillator detectors collinear
with the beam axis. The setup allows for measuring decay spectroscopy of optically
pumped radioactive ion beams. It provides flexibility with being able to achieve high
enough magnetic fields to allow for the decoupling of nuclei. The simplicity of the
setup makes it adaptable to any different detector types.

5.2

Main Chamber

We started designing the main vacuum chamber in which the

25,27

Na beam would be

implanted. The primary consideration was that the β detectors needed to be close
to the point of implantation, to maximize coverage and therefore efficiency. The
geometric efficiency of a cylindrical detector facing the source on its circular side (see
figure 23) is determined by,

Ω = 2π(1 − √

d
)
+ a2

d2

(32)

where for a 4π symmetric radiation source, the coverage of a detector is determined
by its distance (d) and its radius (a). The equation is illustrated below in figure 23.
For situations where d >> a, the equation simplifies to,
Ω∼
=

A
πa2
=
d2
d2
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(33)

The experiment would be performed under vacuum, therefore a four-way CF-Flange
would be the ideal starting point for a chamber, as the multiple ports gives versatility
in options for feed-throughs. For proof on concept, a straight-pipe CF-Flange will be
used. The effective volume is dependent the diameter of the pipe, therefore the size
of the flange. While a larger flange would give us more volume, it would ultimately
lower the efficiency of the peripheral γ and neutron detectors. Therefore a smaller
flange is preferable, leading to the selection of a CF100 flange. This series of CF
flange gives us an inner bore diameter of 100mm, the leght of the tube is determined
by the minimum distance between the coils. Given a 10cm separation between the
coils, and the coil size, we chose a 38cm long pipe. Feed-throughs for cabling and
support of the inner detectors would be put on the end flange. The supports would
be made from carbon fibre and the 3D printed plastics, as to not couple with the
magnetic field from the Helmholtz coils. A render of the chamber with supports and
inner detectors is shown in the next section in figure 24.

5.3

β Detectors

The β detectors that would make up the inner detectors would be milled from EJ200,
acting as the scintillating material, with silicon photomultipliers, SiPMs, used for
light measurement. One detector would require a central bore which would allow
for the

25,27

Na beam to be implanted into the center of the chamber. A simplified

representation of the inner detector setup is shown in figure 24. The β detectors
would be mounted on 3D printed plates and supported by carbon fiber rods. These
materials were chosen as they’re magnetically invisible, as to avoid disturbing the
magnetic field homogeneity within the chamber.
The optimal positions for the β detectors were determined by an investigation

24

of the ω, the solid angle, for the plastic scintillators from a point source. While in
realistic conditions the area of measurement will be determined by the beam spot
size, a point source is sufficient for our investigation. A very interesting behaviour
is observed in figure 25. It shows optimal position for the detectors from the point
source is ≈ 7mm from the point source with a coverage of ≈ 75%. The position of this
peak coverage is directly determined by the size of the hole in one of the detectors.
In the case of two identical detectors with no hole, we clearly see a linear behaviour,
where the peak coverage is simply the closest position possible. With an increasing
size of hole, the peak is shifted to the right.

5.4

Neutron Detectors and γ Detectors

Two neutron detectors will be available, VANDLE and NEXT. The Versatile Array
of Neutron Detectors at Low Energy, VANDLE, is an arc of plastic scintillator
bars with PMTs on the ends. Different sizes of plastic scintillating bars provide
different amounts of coverage for measurement as well as timing resolution. The
second detector array is the Neutron dEtector with Tracking, NEXT. NEXT utilizes
segmented layers of scintillator EJ − 276 to improve timing resolution for neutron
time-of-flight measurements. Scintillator layers allow us to pinpoint the exact depth
the neutron interacted with the plastic, thus reducing measurement uncertainty.
The increased resolution allows for NEXT to be placed closer to the sample, thus
allowing for a more compact form factor compared to larger scintillator systems, such
as VANDLE. A picture of what the segmented plastic looks like has been shown
previously in figure 24. A render of what the NEXT array looks like is shown below
in figure 26.
A consequence of having such large coils, as will be shown later, is that it limits
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the solid angle of unobstructed neutrons. For this reason, NEXT would be the more
ideal detector system, as its benefits would alleviate the consequences of having an
obstructed neutron path. The solid angle that would be seen is 1.6468 steradians
with an average intrinsic efficiency of 40%. By comparison, VANDLE would have a
solid angle of 2.5037 steradians, for a total efficiency of 1.0015%.
The HPGe clovers are positioned collinearly and perpendicularly to the beam
time. They’re placed to be as close as possible, given the pipe size. The efficiency
was simulated using GEANT4 with an 152 Eu source. This isotope was chosen because
of its wide range of γ energies. The efficiency of the setup for the various energies of
decay of 152 Eu can be shown below in figure 28. For the β−γ correlation configuration,
the setup would utilize three HPGe detectors. The efficiency of this configuration can
be seen in figure 29.

5.5

Helmholtz Coils

The Helmholtz coils required to decouple the polarized beam’s electrons and nuclei are
placed collinearly with the beam axis. The coils separation allows for the perpendicular
HPGe clover to be placed between them. The coils are cooled using copper water
lines that would be connected to the facility’s water supply. Approximately 1.5km of
1mm thick Cu wire will be used for each coil. The final specifications of the coils are
given in table 2.

5.6

Conclusion

The ENiGMA setup efficiently polarizes, orients, and measures the beta-decay asymmetry
of radioactive beams. A significant advantage of the setup is its versatility and
compactness. It can be utilized at any optically pumped isotope facility and can
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be coupled to a variety of neutron and gamma detectors. The commissioning run is
expected for the near future at the ISOLDE facility, CERN. Future experiments will
be performed both at ISOLDE and FRIB, MSU.
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Section 6

Summary of Accomplishments

We propose a novel experimental setup that will utilize the benefits of optically
pumped radioactive beams and allow for the correlation of beta, gamma, and neutron
decays. The combination of which allows for the determination of spin-parity of
neutron-rich isotopes by angular correlation. The individual steps that were taken to
achieve the final design of ENiGMA were:
• I simulated the magnetic field needed to decouple nuclear and orbital spins for
candidate isotopes

25,27

Na. A magnetic field of ≈ 300G is sufficient to give a

fidelity of 90, leading to a decoupling of 82%. We chose 800 − 1000G in order
to achieve 0.99 fidelity, 98% decoupling.
• We studied a pair of permanent Nd magnets to determine their viability to
achieve decoupling. It was determined they can not achieve the goal field of
800G without compromises in the setup geometry.
• I studied required parameters for an electromagnet capable of producing the
target 800G.
• I simulated the magnetic field homogeneity of electromagnet coils. A field of
≈ 800G is achieved with a sufficient homogeneity within the sample volume.
• I designed the setup to accomodate a variety of detectors.
• I calculated and simulated, using GEANT4, the efficiencies of the HPGe clovers,
neutron detectors, and beta detectors to be used with ENiGMA.
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Appendix

Figure 1: Feynman diagrams for β − (left) ad β + (right) decays.[21]

Figure 2: Comparison of β − and β + decay of 64 Cu, where the Coulomb interaction
between the decay product and nucleus can be seen.[20]
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Figure 3: Curve of mass excess of isobars of A = 64, where 64 Cu can be seen to be at
a higher mass excess than its two neighboring isobars. Tabulated curve also exhibits
”jagged” curve, characteristic nucleon pairing binding in even-even isobars.

Figure 4: Curve of mass excess of isobars of A = 65, where 65 Cu can be seen to be at
a lower higher mass excess than its two neighboring isobars.
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Table 1: List of observed log(ft) values ordered by degree of ”forbiddeness”[17].

Figure 5: Vector representations of Nuclear and Electron angular momenta for the
Zeeman effect and the Paschen-Back effect respectively.[15]
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Figure 6: Depiction of the splitting of energy levels in the Zeeman (left) and the
Paschen-Back (right) for the ground state hyperfine structure of 29 Mg.[11]

Figure 7: Depiction of isotropic (blue), and polarized(red), angular distribution of
gamma rays. [2]
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Figure 8: Published results of the decay of 11 Be by Hirayama et al. Plot of counts
by neutron energy, En , corresponding to spin-parity of the nucleus, corresponding to
asymmetry factor, A. [8]
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Figure 9: Render of the VITO beamline as of 2019 with labelled Charge Exchange
Cell (A), Optical Detection Region (B), Transition Field (C) and NMR chamber (D),
labeled A, B, C, and D respectively.

Figure 10: Measured and theoretical values of the ratio of
values taken at the VITO beamline in ISOLDE [7].
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26

Na and

23

Na. Measured

Figure 11: Figure of 25 Na (left) and 27 Na (right) depicting the fidelity of decoupling
as a function of increasing magnetic field. Average fidelity of 0.9 taken with needed
magnetic field strength shown.

Figure 12: Band structure comparing an insulator and a semiconductor. Eg is the
band-gap energy [18]
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Figure 13: Depiction of the temperature dependence of HPGe clovers for two
temperatures, 300K and 77K, teal and blue respecitivaly. WHere lowering the
temperature depletes the conduction (E > 0.3eV ) reducing noise.

Figure 14: Image of simulated HPGe detectors with plastic scintillator Betos. A
pencil beam can be seen from the origin (red) impinging on the detector subsequent
γ’s emitted (green)
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Figure 15: Setup for determining magnetic field strength of two permanent magnets.
One magnet not shown, as view of it is obstructed by mounting plate.

Figure 16: Depiction of the magnetic shadowing the β detectors (magnets in blue, the
point source in red, and plastic scintillators in purple). The solid angle with magnets
can be seen by the red lines, and the unobstructed angles can be seen by the black
dashed lines.
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Figure 17: Magnetic field strength, B, longitudinally between large (blue) and small
(red) aperture permanent magnets. Our design goal being for 800mT minimum.

Figure 18: Graphs depicting coil radii and distance, wire length in meters, and voltage
needed to supply 2A, all as a function of number of coil windings for a 1mm gauge
copper wire.
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Figure 19: Render of Helmholtz coils with planes corresponding to the planes of
interest for their magnetic field strength. Where the planar plane is in red and the
cross-sectional can be seen in blue.

Figure 20: Comsol simulation of Helmholtz coils of radius 10cm and a distance 20cm.
Significant deformation of field lines can be observed. For ENiGMA, beam axis would
be vertical from the 0mm position.
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Figure 21: Heatmap of magnetic field strength planar (right) and cross-sectionally
(left) within the Helmholtz coils, simulated using COMSOL. A depiction of where
these planes reside can be seen in figure 19

Figure 22: Render of ENIGMA setup. The HPGe clovers can be seen (blue) are
position collinearly and perpendicular to the beam axis. The NeXT detector array
(black and green) can be seen in opposition to the clovers. The Helmholtz coils
(metallic orange) can be seen fit over a CF100 straight-tube.
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Figure 23: Depiction of cylindrical detector at a distance, d, with a surface area, A.
The detector has a solid angle, Ω, from the point source, S [10, p.118]

Figure 24: ENIGMA’s main chamber with inner detector array. Carbon fiber rods
and black plates providing support for plastic scintillators, in blue.
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Figure 25: Curves of the percentage of coverage of a pair of β detectors. The YAxis gives the coverage from a point source, the X-axis gives the distance from the
detectors and the point source in millimeter. The maroon, blue and orange lines
being the coverage from the whole detector, the detector with a hole in it, and the
ideal hemispheric coverage, respectively.

Figure 26: NEXT array with six individual detectors. Green endpieces are multianode
PMTs
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Figure 27: HPGe clover (blue) with its mounting bracket. The LN2 Dewar can be
seen on the right side

Figure 28: Efficiency plot of HPGe clovers for ENIGMA setup. Where the
perpendicular clover, C0, is given in blue, and the collinear clover, C1, is given in
red. The combined efficiency, TOTAL EFF, is given in yellow.
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Figure 29: Efficiency plot of HPGe clovers for ENIGMA setup. Where the two
perpendicular clovers, C0 and C1, is given in blue and red, and the collinear clover,
C2, is given in yellow. The combined efficiency, TOTAL EFF, is given in green.

Table 2: Final specifications of Helmholtz coils for experimental setup.
Operating Magnetic Field
Radius of Coil
Distance of Coils
Diameter of Cu wire
Number of windings
Length of wire
Voltage Supplied
Current Supplied
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≈800G
10cm
10cm
1mm
≈5500
≈1.5km
17V
2A
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